Focused ion beam (FIB) technology is widely used to fabricate nanopores in solid-state membranes. These nanopores have desirable thermomechanical properties for applications such as high-throughput DNA sequencing. Using large scale molecular dynamics simulations of the FIB nanopore formation process, we show that there is a threshold ion delivery rate above which the mechanism underlying nanopore formation changes. At low rates nanopore formation is slow, with the rate proportional to the ion flux and therefore limited by the sputter rate of the target material. However, at higher fluxes nanopores form via a thermally dominated process, consistent with an explosive boiling mechanism. In this case, mass is rapidly rearranged via bubble growth and coalescence, much more quickly than would occur during sputtering. This mechanism has the potential to greatly speed up nanopore formation.
Introduction
Nanopores in thin solid-state membranes have extraordinary potential applications in biosensing and DNA sequencing [1] [2] [3] , offering better mechanical properties and higher thermal robustness than nanopores in biological membranes. They also have better chemical stability, superior dimensional control, and may be easily integrated into devices [4] . Molecular receptors can be added around the sides of a nanopore to provide biochemical selectivity, thus enabling label-free analysis of proteins [5] . Recently, focused ion beam (FIB) processing has shown promise in the formation of solid-state nanopores [6, 7] with diameters less than 5 nm [8] , though the hole 'drilling' mechanisms are not yet well understood.
The standard view of FIB machining is that it is predominantly a sputter erosion process [9] . Energetic ions are understood to impact the target surface and impart kinetic energy to the nearby target atoms. When the atoms near the surface obtain sufficient kinetic energy, they are sputtered. For typical operating conditions, each ion sputters approximately 2-3 target atoms depending on the ion beam energy and incidence angle [10] . Thus, successive ion impacts from a focused ion beam on a thin membrane target will eventually create a nanopore. In this view, the process is mostly mechanical, with ions knocking atoms off a surface without significant heating.
While formation of solid-state nanopores using FIB provides better control of pore diameter than chemical etching methods commonly used as alternatives to FIB (e.g. feedback chemical etching [11] , ion track etching [12, 13] ), under typical conditions (beam current I = 30 pA [14] ) FIB is inherently slow, and it may require several seconds to fabricate a single nanopore [7, 8, 15 ] through a 100 nm thick membrane. However, here we show for the first time that under slightly higher ion fluxes, which exceed a critical value (flux f ≥ 1.8 × 10 24 cm −2 s −1 ), nanopore formation changes over to a thermally dominated process, in which explosive boiling of the target material controls nanopore formation mechanics through material removal and rearrangement. According to prior estimates [14] , these fluxes would correspond to beam currents of 225 pA and higher, which are approximately a factor of 10 higher than typical experimental conditions. We note that a precise conversion from ion beam flux to current is difficult due to uncertainty in the extent of charge neutralization in such beams [16] [17] [18] . Without accounting for charge neutralization, one would typically find a three order of magnitude difference between flux and inferred current [19] [20] [21] , (and thus the assertion that with charge neutralization 1.8 × 10 24 cm −2 s −1 is equivalent to approximately 225 pA) but we refer to flux in the present work because it is neutralization independent and can thus be precisely calculated. In the high flux regime, nanopore formation is orders of magnitude faster, occurring within tens of picoseconds, and it becomes independent of ion beam flux. The deposited energy flux far exceeds the thermal energy conduction into the target material, and temperature increases to a point at which nanopore formation is achieved by a phase change mechanism.
Methods
To demonstrate this we model high flux, 50 keV, 3.5 nm FWHM (full width at half maximum) Ga FIB using molecular dynamics (MD) simulation, with the goal of simulating nanopore formation. A custom MD code [22] is used for these simulations. This code has successfully predicted experimental sputter yield and ripple formation in ion bombarded silicon [23, 24] . The incoming ion flux is varied by changing the time interval between impacts, ranging from 0.5 to 12 ps (7.2×10 24 cm −2 s −1 > f > 3.0×10 23 cm −2 s −1 ). An 11 nm thick free-standing silicon membrane is modeled using the Stillinger-Weber [25] potential for Si-Si interactions and a Molière [26] potential for Ga-Ga and Ga-Si interactions. A free-standing film of 27 × 27 nm 2 lateral extent, with fixed and thermostatically cooled lateral sides, is modeled. Results are independent of this lateral dimension.
Results and discussion
According to the conventional view, sputtering drives nanopore formation. We use sputter erosion theory to estimate the number of ion impacts required to form a typical nanopore and compare the estimate to the results of our high flux MD simulations. Using a measured sputter yield value of 2.5 atoms/ions [10] , which matches closely our MD calculated sputter yield, (figure 1, top), we find that the number of impacts to nanopore formation is 6 × 10 3 (requiring a time of 3 × 10 3 ps) for the highest flux case (f = 7.2×10 24 cm −2 s −1 ) considered here. We note that there is a small variation in the MD calculated sputter yield relative to the experimental sputter yield due to inhomogeneity in the surface as erosion occurs. On the other hand, the full molecular dynamics calculation shows that a nanopore forms much faster than the sputter erosion theory predicts (after only 55 impacts or 27.5 ps, also shown in figure 1 ). We note that sputter yields are only weakly dependent on flux, so this does not explain the remarkable accelerated nanopore formation. Also, accounting for atoms sputtered from both the top and bottom surfaces of the film makes no significant change in the sputter erosion prediction, reducing it to 1 × 10 3 ps, which is still nearly two orders of magnitude higher than observed in the high flux MD simulations. Thus, a sputter erosion mechanism fails to explain the accelerated nanopore formation under modestly higher FIB fluxes.
In high flux FIB there is insufficient time for absorbed thermal energy to dissipate into the bulk target material which leads to a runaway thermal nanopore formation process. This mechanism shares features with explosive boiling [27] , the violent phase change that can occur in rapidly heated liquid. Our results show that this phenomenon becomes the dominant mechanism for nanopore formation in high flux FIB. Next, we focus on the temperature of the target center and present evidence of explosive boiling as a material removal/rearrangement mechanism.
The flux dependence of the target temperature and relative RMS density (ρ rms /ρ relative ), shown in figure 2, is consistent with an explosive boiling mechanism. Temperature is averaged over a 2 nm radius cylinder beneath the 3.5 nm FWHM ion beam between the 200th and 400th ion impacts, thus starting once the radial temperature distribution is statistically stable for all cases. During this interval, energy deposited in the target is conducted to the lateral sides and removed by the MD thermostats, modeling conduction into a larger film. In the high flux cases (f ≥ 1.8 × 10 24 cm −2 s −1 ), the center of the target reaches temperatures much higher than the boiling point of silicon, and approaching the critical temperature (estimated to be over 6000 K for Stillinger-Weber silicon [28] ).
When the heat flux is high, there is insufficient time for the system to follow the equilibrium 'liquid-vapor' (binodal) line, as dictated by the Clausius-Clapeyron relation, for which the relaxation time is on the order of nanoseconds [29] . For the highest flux case, ions arrive every 0.5 ps while the relevant relaxation time for the temperature of a local spot (2 nm) to fall below melting point is approximately 2 ps as dictated by the thermal spike model [30] . As a result, the temperature of the system rapidly approaches the critical temperature [27, 31, 32] . The system becomes a superheated liquid, approaching the spinodal boundary associated with instability to phase decomposition, and large fluctuations in density, specific heat, entropy, and pressure become possible. Indeed, large density fluctuations are observed in the relative RMS density, shown in figure 2; these fluctuations exceed unity for the high flux cases. Spontaneous nucleation of bubble-like vapor-filled regions occurs, converting thermal energy to surface energy and preventing the system from reaching the spinodal boundary. As shown in figure 3, these bubbles grow and merge, resulting in a nanopore. This explosive boiling process is only observed in the high flux cases. Low flux cases show only slow erosion, which cannot be simulated long enough via MD to observe the complete nanopore formation process. Two alternative pathways are therefore possible for nanopore formation: sputter erosion at low flux, and explosive boiling at high flux. Figure 3 (top) shows the sputter erosion mechanism, whereby atoms are displaced from the top and bottom surfaces by the incident ions during low flux FIB machining. In the low flux regime, the rate of nanopore formation is proportional to the flux. Figure 3 also shows the explosive boiling mechanism (bottom) that occurs in high flux FIB machining, with images taken from the molecular dynamics simulations. The absorbed thermal energy is rapidly converted to new surface area in the form of bubbles, which coalesce and rupture, quickly creating a through-thickness nanopore in tens of picoseconds. Explosive boiling thus facilitates rapid nanopore formation during high flux FIB processing. The two pathways can be viewed as alternative pathways for overcoming an energy barrier associated with nanopore formation.
During sputter erosion, incoming ions slowly erode the top and bottom surfaces, converting the kinetic energy of the incident ions into new surface energy in the system. During this process, the surface energy increases continuously until it reaches a peak value just prior to formation of the nanopore; after the nanopore opens, the surface relaxes, reducing the surface energy of the system. An equivalent energy barrier can be overcome much faster, instead, via the explosive boiling mechanism. The addition of energy to the system in high flux FIB rapidly raises the temperature of the system. The energy is then converted to surface energy in the form of bubbles; the system energy reaches a maximum before the nanopore forms, and the system then relaxes to the same final nanopore configuration as would be achieved via sputter erosion.
We can calculate the surface energy history for both pathways. For the slow sputtering process, we assume a parameterized geometry corresponding to the dashed lines in figure 3 (top). The energy history associated with this Figure 3 . Two alternative pathways for nanopore formation. Top: following conventional sputter erosion theory, the time required for nanopore formation is proportional to the ion flux, and the process is much too slow to compute directly via MD. Bottom: following the explosive boiling mechanism, the time required for formation is insensitive to ion flux and is typically over 100 times faster than in the sputter erosion case. evolving geometry, features a maximum prior to nanopore formation, as shown in figure 4 . For high flux cases, also shown in figure 4 , the energy of the system is monitored directly in the MD simulation by measuring the surface area of the interfaces of atoms and low-density vapor, considering all free surfaces including the bubbles that nucleate in the membrane. Relative density, which tracks the formation of the nanopore, is computed by considering a 2 nm radius cylinder at the center of the membrane. The time history proceeds approximately from left (high density, or absence of nanopore) to right (low density, or presence of nanopore).
From sputter erosion theory, a stable nanopore of the size considered here has surface energy of approximately 450 eV in excess of that of the target crystalline film. The black curve in figure 4 shows the evolving surface energy during sputter erosion. The approximate geometric analysis shows that during sputter erosion, the excess surface energy of the system slowly increases to 600 eV, after which the nanopore opens and the excess surface energy relaxes to 450 eV. Results show that during the high flux MD simulation, the excess surface energy of the membrane with bubbles inside reaches as high as 1500 eV very rapidly, far exceeding the slow-process energy barrier. Two representative atomistic configurations observed during high flux FIB are also shown in figure 4 . The first configuration represents a highly energetic state immediately after formation of the nanopore. After a few more ion impact times (about 20 ps for this case), the configuration relaxes as expected to a correspondingly lower surface energy as shown (moving from the filled circle to open circle in figure 4) .
We observe significant material rearrangement just after a nanopore opens. The explosive boiling process forces atoms near the center to move radially outward and toward the free surfaces at the top and bottom of the film. Mass rearrangement occurs around the top and bottom surfaces of the film, and results in the formation of raised rims. During this short time, far more material is rearranged than sputtered. At typical sputter yields, less than 5% of the nearly 16 000 atoms making up the volume of the nanopore could have been removed by sputtering. We note that since some mass is rearranged to form the raised rims of the nanopore, the actual nanopore structure will have higher energy than a nanopore formed by thinning due to sputter erosion alone. Excluding the rim volume from the calculation of MD surface energy brings the excess surface energy down to less than 500 eV, as shown by the dotted circle in figure 4.
Conclusions
In summary, we show that very rapid nanopore formation is possible, with a modest increase in flux above the typical experimental levels, via a FIB induced boiling mechanism. During high flux FIB, sputter erosion rates do not limit nanopore formation speed, and the formation rate of the nanopore is no longer proportional to ion flux as it is during low flux FIB. A thermal effect, observed to be consistent with explosive boiling, is found to be the dominant mechanism at high fluxes. An energy barrier is required to achieve nanopore formation; in the high flux case the barrier is overcome through the increase in surface energy associated with the formation, coalescence, and rupture of bubbles in the target material. A raised rim around the nanopore is evidence of significant mass rearrangement that occurs during nanopore formation, which is again consistent with the observed explosive boiling mechanism. Operating at fluxes near the threshold of explosive boiling may affect process control for some FIB applications.
